Abstract -The determination of suitable process parameters for POCl 3 diffusion, with the aim of minimizing emitter recombination and obtaining satisfactory contactability of the homogeneous emitter, is the aim of this study. It can be shown that different emitters with low R sheet < 60 /sq can result in significantly different emitter saturation current densities. Regarding the screen-printing metallization procedure, we observe that the resistance of a semiconductor-metal contact can vary on different emitters despite of the same sheet resistance.
I. INTRODUCTION
The influence of process parameters during POCl 3 diffusion on the emitter formation is still the subject of current research [2] [3] [4] [5] [6] [7] . The main goal is to fabricate optimized emitters that show low emitter recombination, as well as suitable contactability for screen-printing metallization. A still common but somehow misleading parameter for the evaluation of emitters is the emitter sheet resistance, which reflects only the density of electrically active phosphorus atoms. For a quantitative assessment of emitters in a screenprinting process, more attention should be paid to the profile of the electrically inactive phosphorus [3] .
In the first part of this work we discuss the influences of the important diffusion parameters on emitter formation during the pre-deposition phase, using a design of experiment (DoE) approach. Based on previous work [1] , we focus on the main parameters of the POCl 3 -N 2 / O 2 gas flow ratio and diffusion temperature. The evaluation of the DoE allows us to find optimal diffusion parameters for emitter formation. Here, we focus on emitter structures that (in spite of constantly low sheet resistance) have decreased emitter saturation current densities j 0E and sufficient metal-semiconductor contactability.
In order to show the extent to which the optimized emitter with R sheet < 60 meets the requirements of a screenprinting process, the optimized emitter has been transferred to an industry-standard screen-printing process.
II. DESIGN OF EXPERIMENT
A DoE approach is used to systematically show the effects of diffusion parameters on emitter formation during the predeposition phase. For this purpose, we used the Box-Behnken Design [1] , which allows a significant reduction of the diffusion experiments. In this investigation, four process parameters (duration, temperature, POCl 3 -N 2 gas flow and O 2 gas flow) are systematically varied, but we focus on the parameters temperature and POCl 3 -N 2 gas flow, which have the strongest influence on emitter formation. For emitter characterization, the following methods are used:
4-Point Probe to obtain R sheet Quasi-Steady-State Photoconductance (QSSPC) to obtain j 0E and V oc,implied Electrochemical Capacitance Voltage (ECV) to obtain the active dopant profile Secondary Ion Mass Spectrometry (SIMS) to obtain the total phosphorus density Glow Discharge -Optical Emission Spectroscopy (GD-OES) to obtain the phosphorus density in the PSG layer
The samples used for this part of the study were (100) oriented boron doped FZ wafers (R B = 2 with a thickness of 250 μm. After the cleaning procedure, diffusion processes are carried out in a state of the art POCl 3 diffusion furnace from Centrotherm. Only the temperature and the POCl 3 -N 2 gas flow are varied, while all other parameters are held constant. After the characterization of the phosphorus-silicate glass (PSG) and its removal, the emitter is analyzed using the characterization tools listed above. In order to measure j 0E and the implied V oc , the samples are symmetrically passivated by plasma enhanced chemical vapor deposition (PECVD) using a-SiN x :H. Afterwards, j 0E and V oc,implied are measured using the quasi-steady-state photoconductance (QSSPC) tool. The determination of j 0E is done using the Kane Swanson method at high injection level = 1-3 10 16 cm -3 ) [8] .
III. RESULTS OF THE DESIGN OF EXPERIMENT Fig. 1 . Results of the DoE regarding R sheet as a function of POCl 3 -N 2 gas flow and process temperature. 2 shows that an increase in temperature as well as POCl 3 -N 2 gas flow leads to a significant increase in j 0E . Through the combination of Fig. 1 and Fig. 2 , parameter ranges of constant R sheet and strongly reduced j 0E can be determined.
By combining the DoE results with a Sentaurus Device simulation of a standard Si solar cell with Al-BSF, the potential of an optimized homogeneous emitter is visualized in Fig. 3 . The isosurfaces in Fig. 3 indicate the diffusion parameter range for constant solar cell efficiency. The reduction of the POCl 3 -N 2 gas flow and the slight increase of the diffusion temperature lead to a maximum efficiency region whereby a gain of 0.6% abs can be achieved. A 2D cross-section of the soalr cell efficiency as a function of POCl 3 -N 2 gas flow and temperature during pre-deposition is shown in Fig. 4 . An optimized parameter region with maximum solar cell efficiency can be achieved by adjustment of POCl 3 -N 2 gas flow and temperature. On the left side of the plot the green line indicates the efficiency limitation due to R sheet values higher than 60 /sq. In this region the cell efficiency is limited by lower fill factors (FF). The maximum cell efficiency region is also limited by j 0E values above 210 fA/cm² as illustrated by the blue line in Fig 4. The j sc limit (yellow line) was calculated using the ECV profiles of the DoE. Here it must be taken into consideration that the contribution of emitter recombination that is caused by the electrically inactive phosphorous was not implemented in the device simulation. Taking into account the electrically inactive phosphorus would significantly reduce solar cell efficiency further in this region.
IV. P-PRECIPITATION
Based on the results from the DoE, we see that the density of P-precipitates at the PSG/Si interface and in the emitter region is strongly affected by adjusting the diffusion parameters of POCl 3 -N 2 gas flow and temperature.
To show the effect of precipitation at the PSG/Si interface, GD-OES measurements are carried out on PSG structures. Thereby it is possible to measure the course of concentration of P and O in the PSG layer and at the PSG/Si interface. 5 shows the concentration profile of P in the PSG layer as a function of the POCl 3 -N 2 gas flow. A comparison of the concentration profiles makes it clear that the PSG has to be regarded as a multi-layered dopant source [9] . Furthermore, the reduction of the POCl 3 -N 2 gas flow leads to several effects in the PSG and at the PSG/Si interface. On the one hand, the P concentration in the PSG layer is significantly lowered by the reduction of the POCl 3 -N 2 gas flow. On the other hand, Fig. 5 indicates different concentration gradients in the sub-layers of the PSG as a function of the POCl 3 -N 2 gas flow. The P concentration at the PSG/Si interface is drastically increased in the case of high POCl 3 -N 2 gas flow condition. Therefore it can be assumed that on the one hand the high POCl 3 -N 2 gas flow leads to an intensified formation of inactive phosphorous on the Si emitter surface region. On the other hand, this precipitate formation on the Si emitter surface region leads to an accumulation of the P in the PSG close to the PSG/Si interface. To examine the effect of the precipitate formation more closely, the concentration of O in the PSG, at the PSG/Si interface and in silicon is investigated. In the depth between 5 nm and 20 nm the O concentration increases in the PSG while the P concentration drops. This leads to a second PSG sublayer consisting of P x O y and SiO 2 .
In the third sublayer the O concentration sharply decreases and the P concentration increases towards the PSG/Si interface. Fig. 5 and 6 indicate that the composition of the PSG layer and the thickness of the PSG sublayers are significantly correlated with the POCl 3 -N 2 gas flow. As the O concentration within the first nanometers of the emitter does not seem to drop to zero, but shows molar concentrations of around 3%, we could assume that the mechanisms of precipitate formation on the silicon surface may be influenced not only by P, but also by the relatively high concentration of oxygen in silicon.
To ensure that the developed emitters are optimized to meet the requirements of a screen-printing process, the surface concentrations of the electrically active and inactive P in Si are measured by ECV and SIMS. Previous results show how strongly the POCl 3 -N 2 gas flow affects the precipitation of P, which leads to a significant increase in the surface concentration of the inactive P Difference between electrically active and electrically inactive phosphorus Fig. 7 . Difference between the total and electrically active phosphorus surface concentration, P, as a function of the POCl 3 -N 2 gas flow during pre-deposition, as measured by ECV and SIMS.
By reducing the surface concentration of the inactive P, we can significantly reduce emitter recombination without decreasing the emitter sheet resistance. However, the influence of the reduction of the P-precipitate density on the contact formation has to be investigated, in particular when using the screen-printing metallization procedure. For screenprinting metallization technology, low contact resistivity has to be assured for the metal-semiconductor contact. By the combination of high lateral conductivity and excellent ohmic contacts, a high FF, 80% can be achieved.
The influence of the electrically inactive P on the screenprinting based front-side contact can be illustrated by scanning electron microscopy (SEM) images. Therefore, emitters with different shares of inactive P are contacted via screen-printing. After this, the Ag front grid is wet chemically removed using HF, and the contacts are analyzed by means of SEM. Fig. 8 shows a comparison of two SEM images of emitters contacted by means of screen-printing. In the image on the left the emitter was processed with an increased POCl 3 -N 2 gas flow. We see that the formation of Ag crystals is enhanced on the emitter with the higher POCl 3 -N 2 gas flow. By contrast, in the image on the right, Ag crystals were scarcely formed for the emitter with reduced POCl 3 -N 2 gas flow. It must thereby be noted that for both emitters the concentration of the active P is at the same level. This finding strengthens the assumption that not only the concentration of the electrically active P, but also the density of the inactive P plays a decisive role in screen-printing metallization of the solar cell front-side. A juxtaposition of these SEM pictures with electroluminescence (EL) images of the same samples underlines this hypothesis. In the left EL image, which represents the emitter with the increased POCl 3 -N 2 gas flow, the front-side contacting was successful. The measurement of the IV parameters of this sample shows a FF of 80.3% and a series resistance value of 0.29 cm². The evaluation of the IV characteristics of the right sample (reduced thickness of the electrically inactive P) shows a FF of only 54% and a series resistance of > 2 cm² which can also be illustrated in the inhomogeneous and cloudy EL image.
To investigate the influence of the electrically active and inactive P on the contacting of the presented emitters, the transfer length method (TLM) was used. Results are given in Tab. I. By a slight adjustment of the diffusion parameters during the pre-deposition phase, an increase in j sc of 0.7 mA/cm², and an increase in V oc of up to 10 mV is obtained. Due to the constant level of the FF, a gain in efficiency of 0.6% abs is achieved. The increase in the internal quantum efficiency in the short wavelength region (350-550 nm) of the improved emitter structure shows that the reduction of the electrically inactive P not only reduces emitter recombination, but also increases the emitter's blue response. The analysis of the solar cells studied show that independently of the concentration of the electrically active P, a lower limit of the concentration of the electrically inactive phosphorus must be present for satisfactory contacting. For the emitters examined here, this amounts to ~6 10 20 cm -3 . With the emitter structures studied, the lower limit of the plateau depth of the electrically inactive P is ~60 nm.
These experimental data confirm the simulated data of Fig. 4 and allow an estimation of the maximum achievable efficiency applying an optimized homogeneous emitter. A comparison of the solar cell results with Fig. 4 shows also that by further adjustment of the diffusion parameters even higher solar cell efficiencies may be achieved.
After determination of the optimal parameters in Fig. 4 , the optimized emitter can also be transferred to novel multibusbar solar cell designs [16] . According to the initial results, efficiencies > 19.5% may be achieved.
V. CONCLUSION AND OUTLOOK
In this work, we used a design of experiment (DoE) study for the determination of the influence of diffusion parameters on emitter characteristics. We focused on optimizing the emitter saturation current density without significantly increasing the emitter sheet resistance. The combination of results from the DoE and the Sentaurus Device simulator shows good correlations between the diffusion parameters and the solar cell efficiency. Solar cell results of up to 19.5% have been achieved so far on standard p-type 6'' Cz material.
Further implementation of the electrically inactive P in the device simulation will reduce the gap between simulated and experimental solar cell results. This approach would allow a further gain in the efficiency of screen-printed solar cells via additional adjustment of the diffusion parameters and the front grid metallization structure.
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